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ABSTRACT: To investigate the effects of metal ion binding to the a-PDGFR kinase insert domain, a PCR
product representing amino acid residues 691—795 (104 amino acids) was bacterially expressed and purified.
Secondary structure prediction and circular dichroism spectroscopy indicated this domain to be a mixed
o+p protein with a large coil/turn contribution. This 16 kDa, soluble, nonphosphorylated domain bound
to 43Ca?™ and °Zn?* through a common shared site. Of the unlabeled divalent and trivalent metal ions
tested, Ho’* = Zn** > Ni?* > Ca?* = Mn?* > Mg?*, Ba?" in competing for *Ca?" binding to this
domain. In the presence of Ca’" ions, the conformation of the KI domain changed significantly, and this
changed conformation was resistant to subtilisin proteolysis. However, in the presence of Zn?>" ions, the
conformation of the KI domain changed only slightly. Nevertheless, Zn>" ions were more effective in
rendering the KI domain resistant to proteolysis as compared to that shown by Ca?* ions. In vitro binding
studies using purified baculovirus-expressed a-PDGFR showed a marked increase in binding the p85
N-SH2 domain in the presence of Ca?t or Zn?*" ions (Kp = 0.5 uM), suggesting that metal ion binding
enhances association of the p85 N-SH2 domain with the receptor. To confirm this, association of the
o-PDGFR with the p85 N-SH2 domain was tested in the presence of the KI domain. The nonphospho-
rylated KI domain was effective in competing with the a-PDGFR for the binding of the p85 N-SH2
domain. This effect was more pronounced in the presence of Ca?™ ions. Microinjection of this domain
into Xenopus oocytes delayed maturation in the presence of insulin but not progesterone. This suggests
that the KI domain has a correctly folded three-dimensional structure compatible with biological activity.
Together these findings indicate that the recombinant o-PDGFR KI domain binds the p85 N-SH2 domain
and this binding is modulated by the presence of a novel divalent metal ion binding site within its structure.

Platelet-derived growth factor (PDGF),' a disulfide-linked
dimer, is a potent mitogen for cells of mesenchymal origin.
Two isoforms, expressed by distinct genes, form homodimers
(AA and BB) and a heterodimer (AB), which differentially
bind and activate two receptor isoforms (a-PDGFR and
B-PDGFR). The high-affinity binding of PDGF to its
receptor leads to receptor dimerization, tyrosine kinase
activation, and trans autophosphorylation of the receptor on
specific tyrosine residues [for a review, see Heldin (1992)].
The phosphorylated receptor is a target for binding Src-
homology region 2 (SH2) domains present on a number of
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intracellular signal transduction proteins, which includes
phosphatidylinositol 3-kinase (PI-3K), GTPase activating
protein (GAP), and phospholipase C, (PLC,) (Koch et al.,
1991; Cantley et al., 1991; Ullrich & Schlessinger, 1990).
These enzymes in turn activate downstream signaling
pathways which eventually lead to changes in cell metabo-
lism, architecture, and proliferation.

The PDGFR belongs to a class of receptors which possess
immunoglobulin-like extracellular domains, a single mem-
brane-spanning region, and an intracellular tyrosine kinase
domain (Yarden et al., 1986; Heldin & Westermark, 1990).
The tyrosine kinases like the serine/threonine kinases possess
two domains, a smaller N-terminal 3-sheet domain and a
larger a-helical C-terminal domain with the active site
residing between the two domains (Knighton et al., 1991a,b;
Bossemeyer et al., 1993). For the PDGFR subfamily which
includes the colony stimulating factor-1 receptor (CSF-1R)
(c-fms), flt, and c-kit, a kinase insert domain of variable
length (76—100 residues) is positioned at the beginning of
the C-terminal a-helical domain, thus interrupting the two-
domain kinase (Yarden et al., 1986; Hanks & Quinn, 1991).
Specific tyrosine residues within this kinase insert domain
(KI) become phosphorylated on receptor activation, and these
phosphorylated tyrosines bind the SH2 domains of PI-3K
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(p85) and GAP. For example, Tyr731 and Tyr742 of the
human o-PDGFR and Tyr740 and Tyr751 of the human
B-PDGFR bind the SH2 domains of PI-3K (p85) (Yu et al.,
1991; Fantl et al., 1992; Kashishian et al., 1992). The latter
also binds the CSF-1R on Tyr721 (Shurtleff et al., 1990).
However, the SH2 domains of GAP bind Tyr771 of the
B-PDGFR (Fantt et al., 1992; Kashishian et al., 1992). In
contrast, the binding of GAP to the o-PDGFR is absent
(Bazenet & Kazlaukas, 1993) or of lower affinity (Heidaran
et al., 1993).

The presence of a binding domain within the tyrosine
kinase domain may have a functional advantage for the
PDGFR subfamily. This aspect has been studied by deletion
and substitution mutagenesis of the KI domains of the
PDGFRs and the CSF-1R (Escobedo & Williams, 1988;
Taylor et al., 1989; Morrison et al., 1990; Heidaran et al.,
1991). For the PDGFRs, deletion of 80% of the KI domain
resulted in inability of the receptor to associate with PI-3K
and GAP. These receptors were also defective in transducing
the mitogenic signal in response to PDGF. A larger deletion
of 95% of the KI domain decreased or abolished biochemical
responses (Severinsson et al., 1990; Heidaran et al., 1991).
However, signaling through the o-PDGFR was restored when
the KI domain of the CSF-1R was inserted into the larger
deletion mutant (Heidaran et al., 1991). Recent substitution
mutagenesis experiments with the 8-PDGFR, in which the
tyrosines that bind PI-3 kinase (740, 751), PLC, (1009,
1021), and GAP (771) were mutated to phenylalanines,
produced an inactive receptor. However, when the tyrosines
that bind PI-3 kinase or PLC, were reintroduced into the
PDGFR, mitogenic signaling was restored (Valius & Ka-
zlaukas, 1993). Other studies have also shown that PI-3K
is required for PDGFR trafficking (Joly et al., 1994) and
chemotaxis (Wennstrom et al., 1994; Kundra et al., 1994).

In this paper, we show that the o-PDGFR KI domain
contains a novel divalent cation binding site that may be
essential for the recognition of the PI-3K (p85) N-terminal
SH2 (N-SH2) domain. The association of the p85 N-SH2
domain with the a-PDGFR was markedly enhanced in the
presence of divalent cations, suggesting the importance of
these cations in receptor-mediated signal transduction. In
vitro, the KI domain effectively competed with the a-PDGFR
for binding the N-SH2 domain of PI-3K (p83), and this effect
was markedly increased in the presence of calcium ions.

MATERIALS AND METHODS

Cloning Strategy, Bacterial Expression, and Protein
Purification. The DNA sequence corresponding to the
human o-PDGFR kinase insert (KI) domain (residues 691—
795) was synthesized using the polymerase chain reaction
(PCR) method with a BamHI and a HindIIl site at the
respective 5" and 3’ ends. The DNA fragment was cloned
into a pQE9 plasmid (type 4) containing a six histidine
N-terminal tag (Qiagen). DNA sequencing confirmed the
authenticity of the insert. The pQE9 plasmid containing the
KI DNA was transformed into competent Escherichia coli
M15 cells carrying the plasmid pREP4. Expression of the
recombinant KI domain was induced with 1.0 mM IPTG
(isopropyl B-p-thiogalactopyranoside) once the optical den-
sity of the cuiture reached 0.7 at 600 nm. After 4 h, cells
were pelleted and frozen at —70 °C. Protein purification
was performed by solubilizing the pellet in 6 M guanidine
hydrochloride in 100 mM phosphate/10 mM Tris buffer at
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pH 8.0. The lysate was then loaded onto a Ni*"-chelate
affinity column. The pass-through was reloaded once, and
the column was washed with 8 M urea in 100 mM phosphate/
10 mM Tris, pH 8.0 and 6.3, to remove bacterial proteins.
The KI domain was then eluted with the urea buffer at pH
5.9 and 4.5. Protein was checked spectrophotometrically at
280 nm and 14% SDS—PAGE analysis. The protein was
refolded in urea step gradients into either 10 mM Tris-HCl
buffer at pH 7.0 or 50 mM phosphate buffer at pH 7.0. The
protein was further purified by FPLC (Mono Q) (Pharmacia)
and concentrated using Centricon 3 membranes (Amicon).

Stains-all Binding to the Native KI Domain in Aqueous
Solution. The interaction of Stains-all, a cationic carbocya-
nine dye, with the KI domain, vitamin D dependent calcium
binding protein (CaBP) (Sigma), and albumin (Sigma) was
studied in aqueous solution. The standard solution contained
10 mM Tris base, pH 8.8, 0.001% Stains-all, and 0.1%
formamide. The above proteins in 10 mM Tris buffer, pH
7.0 at a concentration of 10 ug, were added to 1.0 mL of
solution and then incubated at room temperature in the dark
for 30 min. The absorbance in the range 550—700 nm was
measured against a control solution, containing no protein
using a U-2000 Hitachi spectrophotometer.

BCa?* and ©Zn?* Overlay Study. The detection of Ca?*
and Zn?* binding to the highly purified, recombinant
o-PDGFR KI domain was carried out as described by
Maruyama et al. (1984) and modified according to Kawasaki
et al. (1985). The protein at 2.5 ug concentration was bound
to nitrocellulose membranes via the Mini Fold II Slot Blot
System (Schleicher & Schuell Incorporated, Keene, NH). The
filters were washed twice for 10 min at room temperature
with overlay buffer (10 mM imidazole, pH 6.8, 100 mM
NaCl) (Gailit & Ruoslahti, 1988) containing 10 mM EDTA
to remove any protein-bound cations. The filters were then
washed 4 times with overlay buffer to remove the EDTA.
The “’Ca’* (Amersham) overlay was performed by incubat-
ing the filters for 30 min at room temperature in overlay
buffer containing 0.44 uCi/mL (5 uL in 2 mL) of 50 nM
#Ca" in the absence or presence of 0.5 mM unlabeled
dichloride forms of other cations and the trivalent lanthanide
holmium chloride. The filters were rapidly rinsed with 50%
ethanol in water, air-dried, and exposed to Kodak XAR-5
X-ray film for 24 h at room temperature. Titration of the
calcium effect was performed as described above with
increasing concentrations of unlabeled calcium ions (0.1—
5.0 mM). The %Ca?* overlay was also carried out for
vitamin D dependent calcium protein (CaBP) (2.5 ug) and
the N-terminal SH2 domain of GAP (2.5 ug). For quantita-
tive analysis, the filters were exposed onto a phosphor screen
and analyzed by using a Phosphoimager (Molecular Dynam-
ics).

Since the recombinant KI domain was synthesized with a
six-histidine N-terminal tag, these histidines were modified
with a saturating concentration of diethyl pyrocarbonate
(DEPC) at 240 mM in 2% v/v ethanol in water. The above
procedure described for ¥*Ca’* was repeated with 50 nM
85Zn?* (0.5 #Ci/mL, 2 4L/2 mL) and unlabeled ZnCl, (0.5—
50 uM). The data were quantified as described above.

Circular Dichroism Spectroscopy. The CD spectrum (far-
UV 190—260 nm) of the KI domain (0.1 mg/mL) was
recorded at 22 °C with a JASCO J-500C spectropolarimeter,
using a 1 mm demountable “strain free”” quartz cuvette. The
following settings were used: bandwidth, 1 nm; time
constant, 2.0 s; step resolution, 0.1 nm; scan speed, 10 mdeg/
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min; sensitivity, 1 mdeg/cm. Each spectrum represents an
average of four scans with the base line subtracted. CD
studies were conducted in 10 mM Tris-HCl, pH 7.0.
Calcium chloride or zinc chloride was added in varying
amounts (1—100 uM). The recorded spectra are presented
in terms of molar ellipticity based on a mean residue weight
of 110. Secondary structure analysis was performed using
the method of Chang et al. (1978).

Subtilisin Proteolysis Susceptibility Assay. Proteolysis
with subtilisin was performed in 10 mM Tris-HCI buffer at
pH 7.0. The protein concentration was 0.1 mg/mL. Various
amounts of calcium chloride (0.1—5.0 mM) and zinc chloride
(0.01-2.0 mM) were added, followed by subtilisin at a
concentration at 1 ug/mL. Digestion (after 5 and 10 min at
37 °C) was terminated by the addition of double-strength
sample buffer containing 20 mM EDTA and 1% 2-mercap-
toethanol, followed by immediate heating to 100 °C for 5
min. Samples were analyzed on SDS, 14% PAGE and
stained with Coomassie blue. The protease-resistant material
was quantified by scanning on a Bio-Rad 620 video
densitometer, and the data were analyzed using the 1-D
analyst package.

Binding Analysis of the p85 N-SH2 Domain to Purified
o-PDGFR. Baculovirus-expressed purified human a-PDG-
FR (Jensen et al., 1992), in the absence of ATP, Mg?*, and
Mn?*, was used to probe the purified p85 N-SH2 domain
(2.5 ug) on a nitrocellulose filter using the Slot-Blot method
described above. The purification of the p85 N-SH2 domain
is described elsewhere (Mahadevan et al., 1994). Nonspe-
cific binding was blocked by treating the membranes with
3% nonfat dry milk in TTBS (25 mM Tris, pH 7.4, 150 mM
NaCl, and 0.05% Tween 20) for 1 h. To measure in vitro
association of the PDGFRs with the p85 N-SH2 domain,
membranes were incubated with 5 mL of binding assay
buffer (50 mM Hepes, pH 7.4, 0.01% Triton X-100)
including 50 ng of purified PDGFRs for 2 h at 25 °C.
Binding assays were also performed in the presence of 0.1—
10 uM ZnCl,. Membranes were washed twice and then
blotted with anti-phosphotyrosine antibodies (UBI). After
overnight incubation, membranes were washed twice, probed
with '2I-protein A, washed again 4 times in TTBS, and then
autoradiographed by exposure of Kodak Xar-5 X-ray film.
The autoradiograms were quantified by scanning on a Bio-
Rad 620 video denistometer, and the data were analyzed
using the 1-D analyst package.

In Vitro Competition Assay of the N-SH2 Domain of p85
(PI-3K) with Purified o-PDGFR and the KI Domain. The
purified N-SH2 domain of p85 (PI-3K) at a concentration
of 2.5 ug was bound to nitrocellulose membranes via the
Mini Fold II Slot Blot system. The filters were washed twice
for 10 min at room temperature with overlay buffer (25 mM
Tris, pH 7.4, 150 mM NaCl) containing 10 mM EDTA to
remove any protein-bound cations (Gailit & Rouslahti, 1988).
The filters were washed 4 times with binding buffer (50 mM
Hepes, pH 7.0, 50 mM NaCl, and 0.1% Triton X-100) to
remove the EDTA. To measure the in vitro association of
the PDGFR with the N-SH2 domain of p85, the filters were
incubated with 5 mL of binding buffer including 50 ng of
purified PDGFR for 2 h at room temperature. For the
competition assay, the KI domain at different concentrations
(0.1—14 uM) in the absence or presence of 0.5 mM CaCl,
was added and incubated for 2 h at room temperature. The
filters were then washed twice with binding buffer and
blotted with anti-phosphotyrosine antibodies (UBI), for 2 h
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at room temperature. The filters were washed twice and
probed with '®I-protein A, washed again 4 times with
binding buffer, air-dried, and exposed to Kodak XAR-5
X-ray film for 24 h at —70 °C. The procedure was repeated
with two hexapeptides, DYMDMK and QYVPML (phos-
phorylated and nonphosphorylated on the tyrosine), from the
KI domain of the o-PDGFR which are consensus peptides
that bind the SH2 domains of p85. The peptides were used
in combination at a concentration of 4 and 40 yuM. The data
were quantified as described above.

Oocyte Preparation and Microinjection. Adult female
Xenopus laevis were obtained from Nasco (Fort Atkinson,
WI). Ovarian fragments were surgically removed from
gonadotropin-stimulated animals anesthezized by hypother-
mia. Fully grown stage VI oocytes were manually dissected
into ND-96 medium (5 mM Hepes, 96 mM NaCl, 1 mM
MgCl,, 2 mM KCl, 1.8 mM CaCl,, pH 7.8, and 10 pg/mL
each of penicillin and streptomycin sulfate). The oocytes
were allowed to recover overnight in the same buffer and
were maintained at 20 °C. For induction of meiotic
maturation, groups of 15—20 oocytes incubated in ND-96
medium without KCl in the presence of 7 M insulin (Sigma)
or 15 uM progesterone (Sigma) were microinjected with 60
nL of a-PDGFR KI domain in 20 mM Tris-HC], pH 7.5,
reaching a final concentration of 90 ng of this domain in
the oocyte. Meiotic maturation was assayed by scoring the
disappearance of the nucleus {GVBD) from the oocytes. The
above experiments were repeated with the tyrosine phos-
phorylated and nonphosphorylated hexapeptides and the
colony stimulating factor-1 receptor (CSF-1R) KI domain
at a final concentration of 90 ng.

Sequence Alignments and Secondary Structure Prediction.
The KI domains from the human and mouse o- and
B-PDGFR, human CSF-1R (c-fms), fms-like receptor (flt),
and c-kit were visually aligned with insertions and deletions
to optimize sequence similarity. For each sequence, a joint
secondary structure prediction was obtained, using the Leeds
Secondary Structure Prediction Suite of Programs, version
3 (Eliopoulos et al., 1982), running on a Vax computer. The
eight prediction methods employed by the Leeds suite are
those of Nagano (1973), Chou and Fasman (1974), Lim
(1974), MacLachlan (1974, unpublished), Burgess et al.
(1974), Dufton and Hider (1977), and Garnier et al. (1978).
The predictions at each residue in the sequence are summed
up to produce a joint result. When appropriate, insertions,
deletions, and special sequences (e.g., proline and glycine)
were used as parsing points to modify the joint prediction
to distinguish turn/loop regions from regular secondary
structure. An average prediction of secondary structural
elements from the above sequences was ascertained visually.

Prediction of Calcium and Zinc Binding Sites within the
®-PDGFR KI Domain. The a-PDGFR KI domain sequence
was examined with the other KI domains (see above) for a
conserved arrangement of clustered oxygen ligands that could
bind calcium ions. Known calcium binding sequences
(Kretsinger, 1980; Vyas et al., 1987; Weis et al.,, 1991a;
McPhalen et al., 1991) were used in this analysis to detect
any similarities to the KI domain sequences, using a database
of known calcium binding motifs. The other aligned KI
domains were also scanned for potential calcium binding
motifs. The same procedure was applied for predicting the
zinc binding motif within the KI domain by searching the
sequence for a conserved arrangement of clustered histidines,
methionines, and carboxylate residues (Christianson et al.,
1991).
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Ficure 1: (A) Human o-PDGFR KI domain (104 residues) was
synthesized using the PCR method, and the DNA insert was cloned
into a pQE9 plasmid (type 4) (aRKI) (Qiagen). The vector
possesses (a) a regulatable promoter/operator, (b) a synthetic
ribosomal binding site RBSII, (¢) S-lactamase, and (d) a six-
histidine tag placed N-terminally. (B) pQE9 plasmid containing
the DNA insert of the a-PDGFR KI domain was transfected into
competent M15 E. coli cells, and gene expression was induced with
1.0 mM IPTG (isopropyl S-D-thiogalactopyranoside) for 4 h at 37
°C. The cells were spun down, and the protein was purified by
denaturing conditions using Ni—NTA—agarose chromatography as
described under Materials and Methods. The purified protein was
eluted with 8 M urea, pH 5.9, and refolded by successive dialyses
into either 50 mM Tris-HCI, pH 7.0, or 50 mM phosphate, pH 7.0.
The purified KI domain was then electrophoretically separated on
a 14% SDS—PAGE and stained with Coomassie blue.

RESULTS

Recombinant Expression and Purification of the a-PDGFR
KI Domain. To study the structure of the a-PDGFR KI
domain in relation to its known functions, we bacterially
expressed and purified this domain. Figure 1A shows the
expression vector pQE9 which contains an N-terminal six-
histidine tag. Each liter of bacteria yielded 2—3 mg of
protein. The purity of the preparation was estimated to be
>95% by 14% SDS—PAGE following FPLC (MonoQ)
(Pharmacia). The soluble, nonphosphorylated KI domain
migrated at 16 kDa on SDS—PAGE (Figure 1B).

Stains-all Binding to Native Ca’" Binding Proteins.
Previously, we showed that the p85 N-SH2 domain binds
calcium and this facilitated an interaction with the a-PDGFR
in a calcium-dependent manner. However, this effect was
in part due to the ability of the KI domain of the PDGFR to
bind calcium ions (Mahadevan et al., 1994). In order to
ascertain that the recombinant o-PDGFR KI domain binds
calcium ions, “Stains-all” staining was performed. Vitamin
D dependent calcium binding protein and bovine serum
albumin as positive and negative controls were used,
respectively. The results indicated that the addition of the
KI domain and the vitamin D dependent calcium binding
protein at the same concentration (10 ug) to the “Stains-all”
solution turned the solution dark blue with a maximal
absorbance in the wavelength range 620—640 nm, consistent
with that observed for other calcium binding proteins
(Campbell et al., 1983). Bovine serum albumin (10 xg) did
not change color or absorb at 620—640 nm (Figure 2).
Hence, the results clearly show that the a-PDGFR KI domain
possesses a calcium binding site(s).

0-PDGFR KI Domain Has a Common Ca®t and Zn**
Binding Site. The **Ca®* overlay provides a specific and
sensitive method that allows the demonstration of high-
affinity calcium binding sites within calcium binding proteins
(see Materials and Methods). The a-PDGFR KI domain and
the CaBP bound **Ca’* at a concentration of 50 nM while
the N-SH2 domain of GAP did not (Figure 3A). The p85
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FIGURE 2: Stains-all binding to the native KI domain, vitamin D
dependent calcium binding protein (CaBP), and bovine serum
albumin (BSA) was measured in a solution containing 10 mM Tris
base, pH 8.8, 0.001% Stains-all, and 0.1% formamide. The three
proteins at a concentration of 10 ug were added to this solution
and incubated for 30 min in the dark. The absorbance (ABS) was
measured in the wavelength range 550—700 nm against a control
solution containing only dye. (The KI domain is represented as a
boldface line, CaBP as a dashed line, and BSA as thin line.)

N-SH2 domain was not included in this experiment because
it does not bind **Ca’*, but using indirect methods, we
showed that it undergoes calcium-dependent conformational
changes (Mahadevan et al., 1994). For the KI domain,
unlabeled divalent and trivalent metal ions at 0.5 mM bound
with the following rank order: HO** = Zn* > Ni** > Ca’*
= Mn?>* > Mg?*, Ba’*. Unlabeled Ho** and Zn?" ions
effectively competed out “*Ca’* (Figure 3B). However,
unlabeled Ca’" ions were not as effective as Ho** or Zn**
ions but reduced the signal by 50%. Since Ho’" ions can
bind specifically to calcium binding proteins with higher
affinity than calcium, this result suggests the presence of a
calcium binding site within the KI domain. Further, the
ability of Zn?>* ions to compete out **Ca’" indicated the
presence of a zinc binding site in the vicinity of the calcium
binding site. Titration of **Ca*" with unlabeled calcium
chloride is shown (Figure 3C). The addition of | mM EGTA
abolished the binding of **Ca’* to the KI domain (data not
shown), confirming that this domain has a calcium binding
motif. The half-maximal value for binding calcium is 750
M, indicating the presence of a low-affinity calcium binding
site within the KI domain.

In order to ascertain that this domain directly binds zinc
ions, a %Zn** study was performed after incubating (30 min
at 4 °C) the KI domain with a saturating concentration of
diethyl pyrocarbonate (DEPC), which is a histidine-modify-
ing agent (Papini et al., 1989). The ®Zn’" signal was
reduced by 50% in the DEPC-modified KI domain compared
to the control (Figure 3D). Since 50% of %Zn>* binding
remained after DEPC modification, the KI domain could bind
87Zn*" through a histidine-independent site, located within
its structure. To ensure that the remaining **Zn** bound to
the a-PDGFR KI domain was not due to the ineffectiveness
of DEPC to modify all histidine residues, we DEPC-treated
the KI domain of colony stimulating factor-1 receptor (CSF-
IR) (synthesized as a polyhistidine protein) to the same
extent and detected no ®Zn’* binding. This finding suggests
that the a-PDGFR KI domain possesses a Zn’* binding site
not dependent on histidine residues. A titration with
unlabeled zinc ions provided a half-maximal value of 5 uM
(Figure 3E). Further, the DEPC-modified protein bound *-
Ca’" to the same extent as the unmodified protein, and
unlabeled zinc chloride (0.5 mM) abolished this effect.
These results suggest that the a-PDGFR KI domain possesses
a common shared calcium and zinc binding site within its
tertiary structure. It is well-known that calcium binding sites
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FIGURE 3: (A) Autoradiograph of a nitrocellulose slot blot with 2.5 ug of the KI domain incubated with **Ca*" (see Materials and Methods).
Vitamin D dependent calcium binding protein (CaBP) and the N-SH2 domain of GAP at a concentration of 2.5 ug are included as controls.
(B) Competition of unlabeled divalent metal ions with **Ca’>*. These experiments were performed in the absence or presence of 0.5 mM
CaCl,, HoCl;, ZnCl,, BaCly, MnCl,, MgCl,, and NiCl,. (C) Titration of the competition of increasing amounts of unlabeled Ca’" ions
(0.1=5.0 mM) with ¥*Ca**, The autoradiograph was quantitated using a Phospho Imager (Molecular Dynamics), and the data are presented
as the percent of the control against cold Ca’* concentration. (D) Autoradiograph of a nitrocellulose slot blot with 2.5 ug of the KI domain
and the DEPC-treated KI domain (DEPC modifies histidines) incubated with 5Zn’". The DEPC-modified KI domain shows a si gnal that
is reduced by 50%, consistent with an internal zinc binding site that does not require histidines. (E) Titration of the competition of increasing
amounts of unlabeled Zn’* ions (0.5—50 uM) with ©Zn>*. The autoradiograph (D) was quantitated, and the data are presented as the

percent competition.

are acidic (McPhalen et al., 1991), while zinc binding sites
requires the presence of at least two histidines or methionines
or cysteines with one or two acidic amino acids (Christian-
son, 1991). Sequence analysis of the human a-PDGFR KI
domain (discussed below) strongly suggests the presence of
a common shared calcium and zinc binding site within its
structure.

Conformational Changes Induced by Calcium and Zinc
lons in the a-PDGFR KI Domain Studied by Circular
Dichroism Spectroscopy. Conformational changes in solu-
tion have been studied by circular dichroism spectroscopy
for a variety of proteins. This method also provides a means
of estimating protein secondary structure (Provencher &
Glockner, 1981). The far-UV CD spectrum of the KI domain
recorded in aqueous solution exhibited a trough at 205 nm
and a smaller trough at 225 nm (Figure 4A), indicating the
presence of both o-helix and f-sheet structure. The calcu-

lated secondary structure composition is 15% a-helix, 15%
P-sheet, and 70% nonperiodic structure, which does not agree
well with the secondary structure prediction (see below).

Since the KI domain binds both calcium and zinc ions,
we studied whether these ions could induce conformational
changes. The addition of calcium ions at 1 M changed
the conformation of this domain significantly. The protein
lost more secondary structure on binding these metal ions
as observed by the decrease in molar ellipticity. Further,
additions (10, 100 #M) of calcium ions enhanced this effect,
and a plateau was reached at 10 #M calcium (Figure 4A,C).
The half-maximal value for a conformational change was 5
uM. The addition of zinc ions changed the CD spectrum
marginally at 100 uM (Figure 4B). The *Ca’* and *Zn**
study indicated that the affinities of these ions for the KI
domain are very different, zinc having an affinity 75-fold
greater than calcium. However, conformational changes



2100 Biochemistry, Vol. 34, No. 7, 1995

A
g o
3
=
8 -5+
2 + 10 uM Ca2+
w
S —104
b=}
i
4 - Ca?+
€ _154
g 15
=
T T T T T v 1
200 220 240 260
Wavelength (nm)
B
g o
3
z
8 54
B 2
o + 100 uM Zn2+
g -0+
=2
é = ZnEG
g -15
1]
=
T T T T T T T
200 220 240 260
Wavelength (nm)
Cc
-12 o
o
-134
] +Caz+
2 144
>
& 15 -
(227
-16 o
A Zn2+
-174 © Ree 7
T =T T
0 1 10 100
log [M*+] uM

FIGURE 4: Far-UV CD spectrum of the purified KI domain (0.1
mg/mL) in 50 mM Tris-HCI buffer at pH 7.0 (—Ca?*). Far-UV
CD spectrum of the purified KI domain (0.1 mg/mL) in 50 mM
Tris-HCI buffer, pH 7.0, in the presence of 10 4M calcium (+Ca*").
(B) Far-UV CD spectra of the purified KI domain (0.1 mg/mL) in
50 mM Tris-HCI buffer, pH 7.0, in the presence of 100 uM zinc.
(C) Titration of the conformational changes induced by calcium
(O) and zinc () ions. The half-maximal value for calcium is 5
uM.

cannot be related to affinity in any rational way (McPhalen
et al.,, 1991). Therefore, it can be postulated that the zinc
binding site is preformed, while the calcium site is induced
to form in the presence of calcium ions.

Calcium and Zinc lons Differentially Protect KI Domain
Proteolysis by Subtilisin. Limited proteolysis with subtilisin
has been used to demonstrate the ability of divalent metal
ions to protect metalloproteins from proteolytic digestion
(Weis et al., 1991b; Mahadevan et al., 1994). Since the KI
domain binds to both calcium and zinc ions, the limited
proteolysis assay with subtilisin was employed to confirm
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FiGure 5: (A) KI domain (0.1 mg/mL) in 50 mM Tris-HCI, pH
7.0, was incubated with subtilisin (1 xg/mL) in the presence of
increasing Ca’" ion concentrations (0.0, 0.1, 0.5, 1.0, and 5.0 mM)
for 5 min at 37 °C. The samples were then subjected to 14% SDS—
PAGE analysis followed by staining with Coomassie blue. (B) KI
domain (0.1 mg/mL) in 50 mM Tris-HCI, pH 7.0, was incubated
with subtilisin (1 gg/mL) in the presence of increasing Zn>" ion
concentrations (0.0, 0.05, 0.1, 0.5, 1.0, and 2.0 mM) for 5 min at
37 °C. The samples were then subjected to 14% SDS—PAGE
analysis followed by staining with Coomassie blue.

this observation. Hence, the KI domain was incubated with
subtilisin in the presence of varying amounts of calcium or
zinc ions for either 5 or 10 min at 37 °C. Figure 5A,B shows
that in the absence of calcium or zinc, the KI domain was
not protected by subtilisin proteolysis. However, the addition
of increasing concentrations of calcium or zinc resulted in a
dose-dependent increase in protection of the KI domain from
proteolysis (Figure 5A,B). The calcium and zinc ion
concentrations required for reaching the half-maximal pro-
tease-resistant fraction were 1 and 0.6 mM, respectively.
Hence, it may be concluded that zinc ions are better than
calcium ions in protecting the KI domain from proteolysis.
This is consistent with the 9Zn* overlay which indicated a
higher affinity of this ion for binding the KI domain.
However, the conformation of the KI domain is significantly
changed in the presence of calcium ions as measured by CD,
and this changed conformation renders it resistant to pro-
teolysis. It thus appears that the two metal ions protect the
KI domain from proteolysis by different mechanisms: zinc
binds the KI domain with a higher affinity but does not
change its conformation, while calcium binds with a lower
affinity and does change its conformation. However, both
ions are protective with zinc being more effective than
calcium. Since these metal ions confer protection, it can be
surmised that the KI domain has a globular three-dimensional
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FIGURE 6: Identical amounts of the p85 N-SH2 domain (2.5 ug)
were placed on nitrocellulose membranes via a slot blotter. The
membranes were incubated with a-PDGFR (50 ng) in the absence
and presence of increasing zinc ions (0.1—10 uM). The filters were
washed and subjected to immunoblot analysis using anti-P-Tyr
antibodies.

structure, as a random structure would be proteolyzed despite
nonspecific metal binding.

Zinc lons Enhance Association of the p85 N-SH2 Domain
with Activated a-PDGFR. The binding of activated PDGFRs
to p85 (PI-3K) and its SH2 domains has been examined by
an in vitro binding assay (Kashishian et al., 1992; Mahadevan
et al., 1994). This binding assay was employed to assess
and quantitative whether zinc ions could stabilize the binding
of the p85 N-SH2 domain to activated o-PDGFR. Purified
p85 N-SH2 domain was immobilized on filters and incubated
with the activated a-PDGFR in the absence and presence of
zinc ions. Following incubation, filters were washed exten-
sively and subjected to immunoblot analysis using anti-P-
Tyr antibodies. The level of anti-P-Tyr-detectable a-PDGFR
bound to the p85 N-SH2 domain was quantified. Figure 6
shows that in the absence of zinc ions, the association of
the PDGFR with the p85 N-SH2 domain was weakly
detectable. However, in the presence of increasing concen-
trations of zinc ions, the p85 N-SH2 domain association with
the a-PDGFR increased 10—15-fold compared to the control.
The half-maximal receptor binding for zinc was estimated
to be approximately 0.5 uM (Figure 6). These findings
suggest that divalent metal ions such as zinc specifically
regulate the binding of the p85 N-SH2 domain to the
activated a-PDGFR in a dose-dependent manner.

The Nonphosphorylated KI Domain Effectively Competes
with the Activated a-PDGFR for p85 N-SH2 Domain
Binding. In order to investigate the effect of divalent cations
on PDGFR association with the p85 N-SH2 domain is
mediated via the KI domain, association studies were
performed in the presence of the KI domain. The results
shown in Figure 7A quantitate the ability of the KI domain
to compete with the baculovirus-expressed a-PDGFR for
binding to the p85 N-SH2 domain in the absence and
presence of Ca’" ions. The addition of the KI domain (1—
14 uM) in the presence of 0.5 mM calcium reduced the anti-
P-Tyr signal and gave a half-maximal value for competition
of 3.5 uM for the KI domain (Figure 7B). The data indicate
that Ca’>* ions enhance the ability of the KI domain to
compete with the a-PDGFR only when used at lower KI
concentrations (0.5 gM). Since Mg>*, Mn?*, and ATP were
absent, it can be argued that the a-PDGFR tyrosine kinase
was unable to phosphorylate the KI domain and the observed
competition was due to the effect of the nonphosphorylated
KI domain. Incubation of the KI domain with anti-P-Tyr
antibodies yielded no detectable signal, suggesting that the
bacterially expressed material was not tyrosine-phosphor-
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FIGURE 7: (A) Purified N-SH2 domain of p85 (2.5 ug) was
immobilized onto a nitrocellulose membrane via a slot blotter. To
measure binding in vitro, the baculovirus-activated o-PDGFR (75
ng) without ATP was incubated with 5 mL of binding assay buffer
(50 mM Hepes at pH 7.0, 50 mM NaCl, and 0.1% Triton X-100)
in the absence and presence of 0.5 mM Ca?" ions for 1 h at room
temperature. The membranes were washed and blotted with anti-
P-Tyr antibodies. The KI domain at 0.5 and 5.0 uM was added to
the above mixture in the absence and presence of 0.5 mM Ca?*
ions for 1 h at room temperature. The membranes were washed
and blotted with anti-P-Tyr antibodies. (B) Quantitation of the
competitive effect of the KI domain at increasing concentrations
(1—14 uM) in the presence of 0.5 mM Ca’* ions. The level of
PDGFR binding was measured by scanning densitometry. (C)
Effect of the peptides DYMDMK and QYVPML, phosphorylated
and nonphosphorylated on the tyrosine, at a concentration of 4 uM
compared with that of the KI domain (4 uM), for competition for
the p85 N-SH2 domain binding in the presence of activated
a-PDGFR.
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ylated. Further, when the KI domain was incubated with
the activated a-PDGFR and probed with anti-P-Tyr antibod-
ies, a signal was not detectable, suggesting that the KI
domain does not associate with the PDGFR. These data
show that the observed effect was due to the ability of the
KI domain to compete with the PDGFR for p85 N-SH2
binding.

Two hexapeptides (DYMDMK, QYVPML), one set non-
phosphorylated and the other phosphorylated on the tyrosine,
from the a-PDGFR KI domain which are thought to interact
with the p85 SH2 domains were used to observe whether
they could compete with o-PDGFR for binding the p85
N-SH2 domain. The ncnphosphorylated and the phospho-
rylated peptides at a concentration 4 uM were not effective
in competing with the o-PDGFR in the presence of calcium
ions (Figure 7C). However, the KI domain at the same
concentration reduced the signal by half (Figure 7B,C).
Previous studies have shown that consensus peptide—SH2
interactions are in the nanomolar range (Fantl et al., 1992).
However, recent binding studies indicate that the affinity of
this interaction is around 40 #M (Bibbins et al., 1994). Our
experiments are consistent with these results. Therefore, the
inability of the consensus peptides to compete at 4 uM is
likely to be due to their lower affinity interaction with the
N-SH2 domain. The peptides at 40 uM were effective at
competing with the PDGFR in the presence of 0.5 mM
calcium chloride (data not shown). Taken together, these
results support the notion that the nonphosphorylated KI
domain is an effective competitor for p85 N-SH2 domain
binding with that of the intact phosphorylated PDGFR. The
peptides at molar equivalent concentrations used were
ineffective, suggesting that the tertiary structure of the KI
domain provides sufficient determinants for its association
with SH2 domains and tyrosine phosphorylation may provide
an additional mechanism for a more efficient interaction.

o-PDGFR KI Domain Delays Insulin-Induced GVBD in
X. laevis Qocytes. The process of GVBD induced by insulin
involves signaling pathways initiated by tyrosine phospho-
rylation of the oocyte receptor for this agonist. In contrast,
progesterone-induced GVBD involves pathways dependent
on the activation of adenylate cyclase triggered by proges-
terone at the oocyte surface. In order to determine whether
the KI domain was in a biologically active conformation,
we tested in Xenopus oocytes whether the microinjected KI
domain affects the process of GVBD induced by insulin or
progesterone. Figure 8 shows that the microinjection of
oocytes with the KI domain produced a significant delay in
the process of insulin-stimulated maturation (A) but had no
effect on progesterone-induced maturation (B). The insulin-
induced effect occurs in a concentration-dependent manner
in that injection of one-third of the amount of the KI domain
did not produce any measurable delay in insulin-induced
maturation as compared to uninjected controls (data not
shown). The microinjected hexapeptides (phosphorylated
and nonphosphorylated) had no effect on GVBD (data not
shown), suggesting that these peptides are not effective
compared to the nonphosphorylated KI domain.

The KI Domain Is a Mixed a+B Protein. Multiple
sequence alignments of protein families provide information
on residue conservation and variability. Conserved residues
generally are part of regular secondary structure, while
variable residues are part of nonregular secondary structure
(loops/turns) (Banga et al., 1990). Sequence alignment of
the KI domains of the a- and 8-PDGFRs, CSF-1R, fit, and
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FIGURE 8: Time course of GVBD of X. laevis oocytes in the
presence of (A) 7 uM insulin alone (M) and in the presence of 7
4M insulin with 90 ng of a-PDGFR KI domain microinjected (®).
(B) The time course of GVBD in the presence of 15 uM
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—
5

0

c-kit indicates that although the residue identity is not high
the similarity is in the region of 25—30% and hence they
are predicted to have similar secondary and tertiary structures
(Figure 9). This domain is mainly acidic and hydrophilic.
Specific phosphorylated tyrosines within the KI domain to
which the SH2 domains of PI-3K (p85) and GAP bind are
highlighted.

Secondary structure prediction methods are generally 65%
accurate for a three-state prediction of helix, strand, and coil
structures. Combined prediction methods can improve the
accuracy, as can combining predictions on accurately aligned
sequences (Zvelebil et al., 1987). Secondary structure
predictions using the Leeds package which includes eight
prediction methods were performed independently on each
aligned sequence, and then the results were combined in a
consensus. Figure 9 indicates the arrangement of the
secondary structure elements along the polypeptide chain.
The a-PDGFR KI domain is predicted to be a mixed o+f
protein with 40% a-helix, 15% B-sheet, and 45% turns.
However, CD spectroscopy (discussed above) indicated 15%
o-helix, 15% S-sheet, and 70% turn conformation. For the
B-PDGFR, CSF-1R, and v-kit KI domains, the prediction is
in agreement with the CD data. The prediction for the flt
KI domain is essentially B-sheet and turn with no a-helical
contribution. Given the sequence diversity among the KI
domains of the PDGFR subfamily, the predicted secondary
structure for these domains is similar. This suggests that
the tertiary structure is also conserved for these domains.
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FiGUure 9: KI domains of the human a- and #-PDGFRs were aligned with those of human CSF-1R, flt, fms, and v-kit for maximum
sequence similarity, including creation of gaps for insertions and deletions. The tyrosine residues thought to interact with the SH2 domains
of p85 (Y731 and Y742) and GAP(Y771) are highlighted. The consensus secondary structure for each sequence is indicated by dark
(B-sheet) and light (a-helix) shading. The prediction indicates a domain composed of a+f structure.
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FIiGURE 10: Sequence alignments of the human a- and -PDGFR
KI domains showing the shared potential Ca>*/Zn’>* binding site.
The human CSF-1R KI domain sequence is also aligned to show
a potential Ca®* binding site. The consensus secondary structure
prediction for this region is indicated to be on a helix—turn—helix
motif.

The Prediction of a Common Calcium and Zinc Binding
Site within the KI Domain. The prediction of calcium or
zinc binding sites within a protein structure is not straight-
forward. One method is to compare the sequence in question
with already known calcium or zinc binding proteins to
identify conserved primary and secondary structures. How-
ever, the *Ca’*/%Zn’* study clearly indicates that the
divalent metal binding site within the KI domain is shared.
This makes it easier to predict accurately the “common”
binding site because calcium and zinc ions require preferred
ligands.

A scan of the a-PDGFR KI domain sequence revealed a
potential metal ion binding site that could satisfy both
calcium and zinc ions. This site encompasses the tyrosine
phosphorylation sites (Tyr731,742) that interact with the SH2
domains of PI-3K (p85). Three methionines (Met732,734.-
745) and four carboxylates (Asp730,733,738 and Glu747)
clustered in this region are predicted to be the common
calcium/zinc binding site (Figure 10). Secondary structure
prediction indicates the proposed metal binding site to be
on a helix—loop—helix, consistent with structural data. From
a sequence comparison, it is also predicted that the 5-PDGFR
KI domain also possesses a common calcium/zinc binding
site, while the CSF-1R KI domain is predicted to possess a
calcium binding site but not a zinc binding site. This
prediction has been confirmed by further analysis (data not
shown).

DISCUSSION

The PDGFR subfamily of receptors possesses a kinase
insert domain (KI) of about 100 residues which interrupts
the 2-domain tyrosine kinase. The o- and S-PDGFR KI
domains are autophosphorylated on several tyrosine residues

which form the binding sites for the SH2 domains of PI-3K
(p85) and GAP. Site-directed mutagenesis and deletion/
substitution mutagenesis studies of the a- and S-PDGFR KI
domains showed reduced or abolished biochemical and
mitogenic effects. The evolution of a KI domain within the
receptor tyrosine kinases may have a functional advantage
in that the binding of signaling proteins to this domain may
provide efficient access for tyrosine phosphorylation by the
kinase and allows the activation of multiple signaling
pathways with a degree of redundancy.

In order to probe structure in relation to function, we
bacterially expressed and purified the nonphosphorylated
o-PDGFR KI domain. It was previously shown that the p85
C-SH2 domain bound the 8-PDGFR with an affinity 100-
fold higher than the N-SH2 domain (Klippel et al., 1992).
However, in contrast, Kavanaugh et al. (1992) showed that
the p85 N-SH2 domain bound the 5-PDGFR but the C-SH2
domain did not. Although the reasons underlying this
disparity have not been resolved, McGlade et al. (1992) have
shown that both SH2 domains of p85 bound with similar
efficiencies to the S-PDGFR and the EGFR. Since ac-
cumulating evidence suggests that both N- and C-SH2
domains are functionally similar, we chose the N-SH2
domain to study its interaction with the a-PDGFR. Con-
sistent with these findings, we showed that the N-SH2
domain associated with the -PDGFR independent of Ca*’
ions. However, under these conditions, the binding of the
N-SH2 domain to the a-PDGFR was shown to depend on
Ca®* ions (Mahadevan et al., 1994). These results led us to
conclude that (1) the calcium-mediated binding of the N-SH2
domain to the a-PDGFR and (2) the calcium effect were
not just due to the N-SH2 domain but also to the kinase
insert domain of the a-PDGFR. This suggested that the KI
domain also had the capability of binding calcium ions. The
cationic dye “Stains-all” that binds to calcium sites within
calcium binding proteins bound the KI domain to a similar
extent to that of vitamin D dependent calcium binding protein
(CaBP). The “*Ca’* overlay confirmed this conclusion (Kp
=750 uM). The ¥*Ca’" study also indicated that unlabeled
zinc ions competed with calcium for binding the KI domain,
which strongly suggested a common divalent metal ion
binding site. The **Zn”>" overlay confirmed the presence of
a zinc binding site within this domain (Kp = 5.0 uM). The
binding of calcium ions to the KI domain changed its
conformation significantly (half-maximal value of 5 #M in
CD), and this changed conformation was resistant to sub-
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tilisin proteolysis. However, zinc ions at 100 yuM only
marginally affected the conformation but were more efficient
in protecting this domain from subtilisin proteolysis. It
appears that Zn>* ion binding to the KI domain modifies
the site of proteolysis without significantly altering the
conformational changes measured by CD spectroscopy. The
subtilisin proteolysis study clearly indicates the KI domain
to have a globular tertiary structure which is stabilized by
Ca’" and Zn”" ions.

Multiple sequence alignment of the KI domains of the
PDGFR subfamily receptors (a- and S-PDGFR, CSF-1R,
c-kit, fit) was performed for sequence homology, secondary
structure prediction, and rationalization of divalent metal ion
binding site(s). The percent identity and similarity were 20%
and 40%, respectively, suggesting a similar overall tertiary
structure for these domains. Although the KI domains of
CSF-1R, c—kit, and flt are 25% shorter than the PDGFR KI
domains, they are also predicted to have a similar tertiary
structure. The consensus secondary structure prediction of
the o-PDGFR KI domain differed from that estimated by
CD spectroscopy. The prediction overestimated the regular
secondary structural elements, while CD indicated a domain
consisting of 15% a-helix, 15% {-sheet, and 70% nonperi-
odic structure. However, despite the low percentage of
regular secondary structure, this domain is an independently
folded globular structure, as ascertained by subtilisin pro-
teolysis. Sequence alignments strongly suggested that for
the o-PDGFR KI domain the region encompassing the p85
N-SH2 domain binding site possessed an area rich in
methionines (Met732,734,745) and carboxylic acids (Asp730,-
733,738 and Glu747), which could support a common Ca®*/
Zn** binding site. The secondary structure predicted for this
region was helix—turn—helix, commonly observed as struc-
tural elements for Ca®*/Zn*" sites within proteins. Further,
it is also predicted that the §-PDGFR KI domain also
possesses a common Ca®t/Zn>* binding site, while the CSF-
1R KI possesses only a calcium binding site. There are
examples of cellular calcium binding proteins such as
calreticulin (CRT) and calsequestrin (CS) which have sites
for calcium and zinc ions (Heilmann et al., 1993), and this
suggests that the KI domains within the PDGFR subfamily
may use metal binding for both structural stability and
functional efficiency. Unlike for calcium ions, there are
sparse data on cellular concentrations of zinc ions, but in
rat liver, the cytosolic zinc levels have been estimated at
200—500 uM (Brand et al., 1988).

The physiological significance of zinc ions to the functions
of the PDGFR is unknown. It may be postulated that the
zinc ions provide structural stability to the KI domains of
the PDGFRs, allowing the SH2 domains of p85 and possibly
GAP to bind with high affinity. The binding of the p85
N-SH2 domain to the a-PDGFR is markedly enhanced in
the presence of Zn?" ions with a half-maximal value of 0.5
UM. A similar effect was observed with Ca*" ions (Ma-
hadevan et al., 1994) but with a half-maximal value of 25
uM. It has been shown that the Ca?* ion concentration can
vary markedly within cells, sometimes reaching 1 mM levels.
Such localized levels have been observed close to the plasma
membrane (Murachi, 1989). Therefore, it can be postulated
that in the presence of calcium spikes, the o-PDGFR binds
Ca’* ions and enhances p85 N-SH2 domain association. At
other times, the p85 N-SH2 domain may be associated with
the PDGFR through a Zn** ion dependent mechanism.
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The o-PDGFR KI domain in the presence of calcium ions
is able to compete effectively with the activated a-PDGFR
for binding the N-SH2 domain of p85. Hence, it may be
postulated that in the presence of calcium ions the KI domain
binds the p85 N-SH2 domain. We have shown that this
association does indeed occur in an in vitro binding assay
(Mahadevan, unpublished data). The nonphosphorylated KI
domain was able to compete with the activated a-PDGFR
for SH2 domain binding in the presence of calcium ions with
a Kp value of 3.5 uM. Since the nonphosphorylated KI
domain also binds calcium and in the same region as the
SH2 domain, it appears that calcium ions modulate SH2—
PDGFR interactions, through their tyrosine binding sites
(Y740, 751). It may be postulated that calcium ions perform
a dual function, in that they bind to both SH2 and KI
domains, changing their conformation sufficiently such that
efficient binding occurs. Since the intracellular calcium ion
concentration varies significantly (Berridge, 1993), this effect
is optimized during calcium spikes.

Phosphotyrosine-dependent (Yu et al., 1991; Fantl et al.,
1992; Kashishian et al., 1992) and -independent binding of
SH2 domains has previously been demonstrated (Cooper &
Kashishian, 1993; Pendergast et al., 1991). Recently, the
wild-type Src SH2 domain was shown to bind a 13-residue
peptide from the S-PDGFR KI domain incorporating Y751
(PD 751) (Bibbins et al., 1993). Further, the mutant R175L
SH2 domain displayed higher affinity for this nonphospho-
rylated peptide than other phosphopeptides (Bibbins et al.,
1993). We are also able to show that the nonphosphorylated
KI domain is able to associate with the p85 N-SH2 domain
in the absence of calcium and this effect is markedly
enhanced in the presence of calcium ions (Mahadevan et al.,
unpublished results). However, the two tyrosine-phospho-
rylated hexapeptides were only able to compete with the
PDGFR at a Kp value of 40 uM even in the presence of
calcium ions. Hence, it appears that at least for some SH2
domains binding may be phosphotyrosine-independent. This
observation is supported by the R155K and R155A mutations
which only reduce binding to phosphotyrosine peptides
slightly (Bibbins et al., 1993). Interestingly, R155 in the
Src SH2 crystal structure is shown to be important in the
recognition of the phosphate group and the aromatic ring of
the tyrosine (Waksman et al., 1993). Bibbins et al. (1993)
have analyzed this possibility in light of an acidic residue at
the —3 or —4 position with respect to the phosphotyrosine.
A single change of this acidic residue to an alanine decreased
the affinity for SH2 binding. The region N-terminal to the
phosphotyrosine was not previously considered an important
factor in SH2 domain recognition. Since the KI domain is
an independently folded globular domain, it possesses the
structural features required for SH2 domain binding and thus
supports the above observations.

PDGFR and IRS-1 have been shown to physically associ-
ate with the p85 N-SH2 domain in a tyrosine phosphoryla-
tion-dependent manner (Backer et al., 1992). Microinjection
studies with Xenopus oocytes with IRS-1 (Chuang et al.,
1993a) and the p85 N-SH2 domain (Chuang et al., 1993b)
have shown that insulin promotes GVBD by phosphorylating
IRS-1 and this effect is inhibited by the p85 N-SH2 domain
by preventing PI-3K activity. IRS-1 contains 21 potential
tyrosine phosphorylation sites, including 6 in YMXM motifs,
3 in YXXM motifs, and 12 other hydrophobic motifs. At
least eight tyrosines undergo phosphorylation by the activated
insulin receptor, four of which have the YMXM motif (White
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& Kahn, 1994). The p85 N-SH2 domain binds through the
YMXM motif, and this is also present on the a-PDGFR KI
domain. In order to investigate whether the KI domain was
in a biologically active conformation, this domain was
microinjected into Xenopus oocytes, and in the presence of
insulin, GVBD was significantly delayed, but this effect was
not observed in the presence of progesterone. This observa-
tion is consistent with the fact that nonphosphorylated KI
domain has the ability to bind the p85 N-SH2 domain by a
tyrosine phosphate independent mechanism. However, the
hexapeptides (tyrosine phospho- and nonphospho-) micro-
injected into Xenopus oocytes showed no effect on GVBD
in the presence of insulin, suggesting that IRS-1 was capable
of overcoming their potential inhibitory effects. IRS-1 can
bind other SH2 domains (Grb 2, SHPTP-2, and Nck) through
distinct sites to that of the p85 N-SH2 domain. The PDGFR
KI domain has also been shown to associate with SH2
domains p85 and Nck and may be competing with these
proteins for binding IRS-1 and other interacting signaling
proteins.

In conclusion, we have shown that the a-PDGFR KI
domain possesses a novel divalent metal ion binding site that
may help in association with the SH2 domains of PI-3K-
(p85), thus regulating its activity in vivo.
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